Tailoring microstructure and texture of annealed Al-Mn alloy through the variation of homogenization and prior cold deformation strain by Fang, X. W. et al.
Contents lists available at ScienceDirect
Materials Characterization
journal homepage: www.elsevier.com/locate/matchar
Tailoring microstructure and texture of annealed Al-Mn alloy through the
variation of homogenization and prior cold deformation strain
X.W. Fanga, H. Xiaoa, K. Marthinsenb, A. Belyakovc, X.Y. Fangd, Ke Huanga,⁎
a State Key Laboratory of Mechanical Manufacturing System, School of Mechanical Engineering, Xi'an Jiaotong University, 710049 Xi'an, China
bDepartment of Materials Science and Engineering, Norwegian University of Science and Technology, N-7491 Trondheim, Norway
c Belgorod State University, Pobeda 85, Belgorod 308015, Russia
d School of Mechanical Engineering, Shandong University of Technology, Zibo 255000, China
A R T I C L E I N F O
Keywords:
Recrystallization
Texture
Grain structure
Precipitation
Particles
Zener pinning
A B S T R A C T
The grain structures and crystallographic textures desired for various applications of aluminium alloys are
usually modified by recrystallization during annealing. In this study, the interactions between recrystallization
and precipitation were investigated using the same Al-Mn alloy but with different homogenization procedures
(which gives different microchemistries in terms of solute level and second phase particle state) and prior cold
deformation strains, both of which are easy to realize in industrial practice. The results show that re-
crystallization and precipitation kinetics are both promoted at large deformations but their mutual interactions
also exist. Recrystallization is retarded by precipitation through the suppressing of nucleation and pinning of
grain boundary migration, while early finish of recrystallization delays precipitation by reducing their nuclea-
tion sites. The delicate interplay between recrystallization and precipitation during annealing leads to different
combinations of grain structures and textures. An equiaxed fine grain structure can be obtained when re-
crystallization is not affected by fine particles while the combined effects of a strong fibrous deformation
structure, suppressed nucleation of recrystallization and preferential growth lead to a coarse elongated grain
structure. Different crystallographic textures desired for typical applications of Al-Mn alloys can be obtained
after annealing simply through the different combinations of homogenization procedures and prior cold de-
formations.
1. Introduction
AA3xxx-series alloys are extensively used in beverage can and au-
tomobile heat exchanger industries, due to their good combination of
strength and ductility, as well as their excellent corrosion resistance.
The main alloying element of this class of alloys is Mn, while other
elements like Mg, Si, Fe and Cu are also frequently added to improve
their mechanical properties. During solidification, most of Fe is con-
sumed to form intermetallic constituent particles, while Mn mainly
remains in solid solution. The limited solubility of Mn in an Al matrix
[1] makes it unstable during subsequent thermo-mechanical processing
(TMP) steps, the supersaturated Mn will therefore precipitate as Mn-
bearing dispersoids [2], which change the microchemistry (in terms of
solute level and second phase particle state) of the alloy [3].
The desired microstructures of AA3xxx alloys vary with their ap-
plication areas, e.g., fine grain structure is more suitable for fabricating
beverage cans while coarse grain structure improves corrosion
resistance of heat exchangers [4]. The anisotropy introduced by the
crystallographic texture also poses challenges for the wider application
of this category of aluminium alloys, e.g., earing is often observed
during the deep drawing process. It should be noted that most thermo-
mechanical processes promote rather than reduce crystallographic
texture, which makes it a difficult task to control. The grain structure
and crystallographic texture of AA3xxx alloys, which exhibit no bulk
phase transformation during their thermal mechanical processing steps,
are mostly optimised through recrystallization [5–7]. It thus appears
that there is a strong academic and industrial interest in tailoring the
microstructure and texture of the non-heat treatable Al 3xxx alloy
products.
According to literature, different approaches have been attempted
to tailor the grain structure and crystallographic texture of aluminium
alloys. It is textbook knowledge that large cold deformation usually
leads to fast recrystallization and fine grain structure since it brings
both high driving force and nucleation rate [6]. Since deformation
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texture is obviously dependent on strain level, it is not surprising that
recrystallization textures also can be modified by changing the de-
formation strain [8,9]. The recrystallization texture can be further
modified by changing the deformation texture through strain path
changes during cold deformation, e.g. by unidirectional and multi-step
cross rolling [10]. However, in real industrial practice, particularly
during cold/hot rolling, it is very difficult to change the rolling direc-
tion since the width of the rolls is typically much smaller than the
length of the rolled products.
Besides the effect of cold deformation, it has also been documented
in the literature that grain size and crystallographic texture can change
significantly during annealing when the microchemistry of the material
varies, which can be realized by changing the homogenization proce-
dures [11–13], annealing temperatures [3,14–17], as well as other
processing parameters [18–21]. The change of microchemistry may
significantly affect the recrystallization behaviour, leading to different
grain structures and crystallographic textures. Most of the above-men-
tioned studies on tailoring of the grain structure and texture of Al al-
loys, however, focused only on one or two influencing factors together
with limited testing conditions. Due to the lack of systematic studies on
this aspect, some of the published literature have even given contra-
dictory conclusions, because investigations on one single factor may
mask the contribution of other not touched factors. It is thus concluded
that, in addition to varying the annealing conditions, further in-
vestigations considering the joint effects of microchemistry and prior
cold deformation are necessary to get an in-depth understanding of
microstructure and texture evolution during annealing of super-
saturated aluminium alloys.
In this work, the combined effect of homogenization procedures
(varying the microchemistry of the material) and prior cold deforma-
tion on microstructure evolution during isothermal annealing of a cold-
rolled Al-Mn alloy was investigated. From the same starting as-cast
material, three variants (C1-0, C1-2, C1-3), which are chosen to be
consistent with previous studies on the same alloys (Refs. [3, 11, 12]),
were obtained using different homogenization procedures. The three
variants were then each cold-rolled to three different strain levels
(ε = 0.7, 1.6 and 3.0), before being isothermally annealed at 300, 400
and 500 °C. The recrystallization and precipitation kinetics, as well as
the final grain structures and textures of the samples were investigated
in terms of the variations of hardness, electrical conductivity and SEM
(Scanning Electron Microscopy)-EBSD (Electron Backscattering Elec-
tron Diffraction) micrographs. Based on these results, the principles on
tailoring microstructure and texture through the combination of
varying homogenization procedures and prior cold deformation are
discussed in detail.
2. Experimental
2.1. Materials and thermal mechanical processing
The as-received material from a Direct-chilling (DC)-cast extrusion
billet was denoted as C1-0, with chemical composition of: Mn 0.4 wt%,
Fe 0.5 wt%, Si 0.15 wt% and balance of Al. Some of the received ma-
terial were then homogenized under two different conditions to get
distinctly different microchemistries. The first category of samples was
homogenized at 450 °C for 4 h with heating rate of 50 °C/h, hereafter
named as C1-2. The second set of samples designated as C1-3 was
subjected to a more complex two-step treatment procedure. The sam-
ples were first homogenized at a high temperature of 600 °C for 4 h with
a heating rate of 50 °C/h, and then they were subsequently cooled at
25 °C/h to a lower temperature of 500 °C, where they were kept for
another 4 h. Both homogenized bulk- sample variants were im-
mediately water quenched at the end of the heat-treatment.
The three variants of homogenized samples were cut and cold-rolled
at room temperature with heavy lubrication to three different de-
formation strains, i.e., ε = 0.7, ε = 1.6 and ε = 3.0. The rolled sheets
were cut into small pieces and subsequently annealed in pre-heated salt
bath (i.e., isothermal annealing) at different target temperatures
(300 °C, 400 °C and 500 °C) with varied holding times in the range of
5–105 s before immediate water quenching.
2.2. Microstructure and properties characterization
The recrystallization and precipitation behaviour during annealing
of the cold rolled samples were indirectly investigated by Vickers
hardness (VHN) and electrical conductivity (EC) measurements, re-
spectively. Eight measurements were conducted on the RD-TD plane of
the sheet samples for both VHN and EC, from which their average va-
lues and standard deviations were derived. For the VHN, the mea-
surements were performed using a load of 1 kg, a loading speed of
100 μm s−1 and a loading time of 15 s. The variation of VHN has been
widely used to study the recrystallization during annealing since the
increasing of recrystallization fraction decreases the VHN value and
tedious metallographic examination is avoided. EC measurements were
performed at room temperature with a Sigmascope EX 8 device. It has
been reported in a similar alloy that the contents of Fe and Si elements
in solid solution are very low [28], it is thus assumed that the variation
of Mn content in the matrix of the investigated alloy is the main origin
of EC evolution. Since the precipitation of Mn containing particles
within the aluminium matrix increase its EC value, it can be used as a
semi-quantitative way to estimate the precipitation behaviour of Mn-
containing particles. The equivalent diameter d and number density of
both coarse constituent particles and fine dispersoids were measured
from BSE (back-scattered electron) micrographs obtained in a Zeiss
Ultra 55 FEG-SEM through the image analysis software of Image-J.
SEM-EBSD Orientation imaging maps with step size of 1–2 μm, were
employed to analyse the microstructure and crystallographic texture of
the deformed and annealed samples under various conditions. Different
from the VHN and EC measurements, the EBSD/SEM micrographs
presented in this paper were obtained from carefully prepared samples
such that the rolling direction (RD) was kept along the horizontal di-
rection and the normal direction (ND) is aligned to the vertical direc-
tion. From the EBSD maps, the crystallographic textures are presented
in terms of orientation distribution functions (ODFs), where the or-
thotropic symmetry, harmonic series expansion method (L = 22) and
Gaussian half-width of 5o were imposed. The average grain size (dAv)
and crystallographic texture were measured by merging several EBSD
maps together, in order to provide statistically reliable results, more
details of which can be found in Ref [22].
3. Results
3.1. The microstructure and microchemistry state before annealing
The as-received variant C1-0 exhibits an equiaxed grain structure,
with an average grain size of ~140 μm, and a nearly random texture
(typical for industrially as-cast materials), as shown in Fig. 1a. The
subsequent homogenization procedures which lead to C1-2 and C1-3
variants do not further change the microstructure, as can be seen in
Fig. 1b and c. This is not surprising since it is known that the un-
dissolved second phase particles can effectively prevent significant
grain coarsening, leading to a Zener limiting grain size [5]. The starting
microstructures of the three variants are thus considered as the same in
the following discussion.
In terms of microchemistry, the SEM micrographs showing the
particle distribution of the three variants after homogenization (before
deformation) are presented in Ref [3]. However, the key measured
quantities and microchemistry parameters of the as-cast (C1-0) and the
as-homogenized conditions (C1-2 and C1-3) are summarized in Table 1.
The concentration of Mn in the matrix was estimated based on the re-
lationship between electrical conductivity and concentration of alloying
elements in solid solution, the details of which can be found elsewhere
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[22].
Since the starting microstructure of the three variants are similar,
only the microstructures of the C1-3 variant deformed to different
strains are shown in Fig. 2. When the sample is deformed to ε= 0.7, the
original equiaxed grains (see Fig. 1) are somewhat flattened, but the
grain boundaries have not yet been fully aligned with the RD direction,
as shown in Fig. 2a. At the larger strain of ε = 1.6, the deformed mi-
crostructure is characterized by pancake-shaped coarse elongated
grains and most of the old grain boundaries are now parallel to the RD
direction (Fig. 2b). With the largest strain of ε = 3.0, it is evident that
the distance between the high-angle grain boundaries of the deformed
grains is much smaller than that of the sample deformed to ε = 1.6, as
can be seen in Fig. 2c. The subgrain structures after this deformation
can be seen in Fig. 3, all of them are elongated along the RD direction.
In terms of the distribution of dispersoids formed during homogeniza-
tion, no dispersoids are visible for the as-cast variant of C1-0, but large
number of evenly distributed fine dispersoids are present for C1-2 while
only a small number of coarser dispersoids are present for C1-3.
3.2. The effect of cold deformation and microchemistry on the
recrystallization kinetics and concurrent precipitation
The evolution of hardness is indirectly used to study the re-
crystallization kinetics in this work. The recrystallization kinetics can
be evaluated by the onset and completion time of recrystallization, the
former is reflected by the time when fast decreasing of hardness value
occurs while the latter is the time when the steady state hardness is first
reached. As can be seen in Fig. 4a, c and e, the initial hardness of the
samples increases with deformation level for all the three variants.
Meanwhile, for the samples deformed to the same deformation level,
the hardness values of the C1-0 samples are always the highest and C1-3
samples are always the lowest. It is also clear from Fig. 4a, c and e that
recrystallization is always faster for the sample with higher deformation
level. This is logical since larger deformation leads to more stored en-
ergy which provides the driving force for recrystallization. The same
tendency can be observed when the precipitation potential (C1-
0 > C1-2 > C1-3) decreases, i.e., lower concentration level of Mn. It
should be noted that even though recrystallization could complete
within 10s for some samples, annealing at 400 °C for 105 s is not enough
to fully recrystallize the C1-0 and C1-2 samples deformed to ε = 0.7.
The variation of electrical conductivity is used to monitor the con-
current precipitation during isothermal annealing. As illustrated in
Fig. 4b, d and f, the initial EC values of the three variants are quite
different, with C1-0 being the lowest and C1-3 being the highest. The
increase of EC during annealing is most significant for the C1-0 samples,
reflecting its strong concurrent precipitation behaviour. Only slight
increase of EC is observed for the C1-3 samples, suggesting a very weak
concurrent precipitation for this category of samples. Larger deforma-
tions are believed to accelerate concurrent precipitation since the ac-
cumulated dislocation density is usually higher and these dislocations
serve as potential nucleation sites for precipitates. However, large de-
formations also promote faster recrystallization, which leads to an al-
most dislocation-free structure and conversely delay the concurrent
precipitation. Therefore, it is interesting to notice that the concurrent
precipitation kinetics is not linearly correlated to cold deformation
level. For instance, as shown in Fig. 4b, the increase of EC is indeed
faster for the sample with the highest deformation before 1000s, after
which the increase of EC is inversely correlated to the cold deformation
level, i.e., the sample with the smallest deformation (ε = 0.7) has the
fastest concurrent precipitation.
3.3. The effect of cold deformation on the microstructure evolution
3.3.1. The microstructure evolution of C1-0
The microstructure evolution of the as-cast variant, which has the
highest potential for concurrent precipitation, was first examined. As
shown in Fig. 5, recrystallization has not been activated yet for the
samples annealed at the lowest temperature of 300 °C, regardless of the
prior deformation strain (see Fig. 5a, d and g). Elongated grain struc-
tures are observed for the samples annealed at 400 °C, the recrystallized
fractions increase and recrystallized grain sizes decrease with in-
creasing prior deformation strain, as shown in Fig. 5b, e and h. When
the samples were annealed at 500 °C, the deformation matrix are all
fully replaced by the equiaxed recrystallized grains, and the re-
crystallized grain size is found to decrease with cold rolling deforma-
tion strains (Fig. 5c, f and i). It appears that a variety of microstructures,
with grain sizes ranging from 21 to 116 μm, can already be obtained
using samples with the same microchemistry but with varying
Fig. 1. SEM-EBSD Orientation imaging micrographs of the microstructure of the three variants. a) C1-0 [3]; b) C1-2; c) C1-3.
Table 1
The EC, solute levels, diameter and number density of particles [19] in the as-cast and as-homogenized conditions.
Electrical conductivity
(m/Ω mm2)
Concentration of Mn
(wt%)
Constituent particles Dispersoids
Diameter
(μm)
Number density
(mm−2)
Diameter
(μm)
Number density
(mm−2)
C1-0 23.9 0.35 0.88 2.8e4 – –
C1-2 27.5 0.16 0.96 2.9e4 0.054 1.3e6
C1-3 29.0 0.11 1.10 2.1e4 0.127 5.5e4
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deformation strain and annealing temperature.
3.3.2. The microstructure evolution of C1-2
When the as-cast materials were heated at 50 °C/h to 450 °C and
kept for 4 h, a large number of fine dispersoids were formed, and the
solute concentration of Mn decreased from 0.35% to 0.16%, as listed in
Table 1. As compared to C1-0 samples, these pre-existing dispersoids
and the decreased concurrent precipitation tendency are expected to
bring a different microstructure evolution of the C1-2 samples. Indeed,
recrystallization has initiated when annealed at 300 °C for the sample
deformed to ε= 3.0 (see Fig. 6g). Increasing the annealing temperature
to 400 °C obviously leads to faster recrystallization, but full re-
crystallization has not been reached yet for the sample deformed to
ε = 0.7 (see Fig. 6b), a fully recrystallized grain structure is eventually
observed when it was annealed at 500 °C (see Fig. 6c). The re-
crystallized grain structures at 500 °C are slightly elongated even for the
samples deformed to ε = 3.0, as illustrated in Fig. 6i. A close look at
Fig. 6h and i reveals that increasing annealing temperature from 400 °C
to 500 °C does not further refine the grain structure. For this variant,
the recrystallized grain sizes are within 23–65 μm.
3.3.3. The microstructure evolution of C1-3
For the variant C1-3, which has the lowest concentration level of Mn
and only a limited number density of relatively coarse dispersoids (see
Table 1), recrystallization is much faster than the previous two variants.
Only a few non-recrystallized grains (pointed out by black arrows) are
visible even for the sample deformed to ε= 0.7 and annealed at 300 °C,
as shown in Fig. 7a. Except for the ε = 0.7 samples, which have quite
inhomogeneous grain structures (in terms of grain size), the
recrystallized grain structures are mainly equiaxed, regardless of the
annealing temperature and prior deformation strain. For the samples
annealed at the same temperature, increasing the deformation strain
obviously decreases the recrystallized grain size. However, for the
samples deformed to the same strain, increasing the annealing tem-
perature does not necessarily guarantee finer recrystallized grain size,
see e.g. Fig. 7g, h and i. This is because slight grain growth is expected
after the recrystallization process when the samples are soaked (for a
long time (105 s)) at the high temperature of 500 °C. Equiaxed grain
structures with grain sizes ranging from 22 to 38 are obtained for this
variant.
4. Discussion
4.1. Interaction between precipitates and recrystallization
Even though the samples deformed to different strain levels of the
three variants have been isothermally annealed at three different tem-
peratures, only the samples annealed at 400 °C are present in Fig. 4. It
was shown in Figs. 5–7 that the effects of cold deformation and mi-
crochemistry on the recrystallization kinetics and concurrent pre-
cipitation are clearly demonstrated at this temperature, while sluggish
recrystallization dominates at 300 °C and recrystallization completes
too fast at 500 °C [3]. The effect of prior deformation strain on the
recrystallization kinetics is clearly shown for the C1-0 and C1-2 samples
(see Fig. 4a and c) while recrystallization completes quite fast for all
deformations for the C1-3 sample in Fig. 3e. With respect to the effect of
microchemistry, C1-3 samples obviously have the fastest recrystalliza-
tion kinetics since recrystallization completes within 100 s at 400 °C for
Fig. 2. SEM-EBSD Orientation imaging micrographs of the microstructure after deformation of C1-3 [22]. a) ε = 0.7; b) ε = 1.6; c) ε = 3.0.
Fig. 3. SEM-BSE micrographs indicating the presence, size and distribution of dispersoids after cold rolling to ε = 3.0. a) C1-0; b) C1-2; c) C1-3.
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the sample deformed to ε = 0.7 while full recrystallization was not yet
reached after annealing for 105s at the same temperature for the other
two variants. The fact that the recrystallization kinetics of the C1-2
samples is faster than that of the C1-0 samples is obvious since it takes
100s for the former variant while 10,000 s are needed for the latter one
to reach complete recrystallization after deformation to ε = 1.6.
For the samples of the three variants deformed to the same strain
level and annealed at the same temperature, the variation in re-
crystallization kinetics is related to their variation in microchemistry.
As shown in Fig. 4b, d, f, concurrent precipitation is most significant for
the C1-0 samples, followed by the C1-2 samples and then the C1-3
samples. This explains why the recrystallization kinetics takes the op-
posite order, i.e., C1-3 > C1-2 > C1-0. Firstly, if the recrystallization
kinetics is so fast that it completes before substantial concurrent pre-
cipitation takes place, only the pre-existing dispersoids listed in Table 1
affect the recrystallization process, which is the case for the C1-2 and
C1-3 samples deformed to ε = 3.0 and annealed at 400 °C (see Figs. 6h
and 7h) where recrystallization completes within 10s for both samples
during which significant EC increase has not initiated. The re-
crystallized grains in the C1-2 sample, which has more and finer pre-
Fig. 4. The evolution of Vickers hardness (VHN) and electrical conductivity (EC) for samples annealed at 400 °C: a) hardness evolution of C1-0; b) EC evolution of C1-
0; c) hardness evolution of C1-2; d) EC evolution of C1-2; e) hardness evolution of C1-3; f) EC evolution of C1-3.
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existing dispersoids, are slightly elongated while a perfect equiaxed
grain structure is obtained for the C1-3 samples. Secondly, if dispersoids
are precipitated before recrystallization, they not only suppress nu-
cleation but also pin the migration of grain boundaries if re-
crystallization does take place. Good examples are the C1-0 and C1-2
samples annealed at 300 °C, while the C1-3 sample recrystallize at this
temperature since it has limited potential for precipitation (cf.
Figs. 5–7). Between the first and second cases, we have the last situation
where recrystallization and precipitation take place concurrently, the
samples deformed to ε = 1.6 belong to this category. Obviously, var-
iants with stronger concurrent precipitation exhibits higher Zener pin-
ning effects on grain boundary migration, which leads to slower re-
crystallization kinetics.
The direct evidence of the interaction between precipitation and
recrystallization is now further examined by looking at the early re-
crystallization of the samples deformed to ε = 1.6 and then annealed at
400 °C. As illustrated in Fig. 8a, no evident dispersoids are formed for
the C1-0 variant after the short annealing time of 5 s. However, after
10 s of annealing, fine dispersoids have clearly precipitated along the
subgrain boundaries, caused by the significant precipitation potential of
the C1-0 variant. These fine dispersoids impede the migration of sub-
grain boundaries, making it difficult for the subgrains to reach critical
nucleus size [23], which is typically a few microns in size, and
recrystallization is thus clearly retarded for C1-0. For the C1-2 sample,
which has a weaker precipitation potential than C1-0, the dispersoids
seen within the subgrains (see Fig. 8c) must be the pre-existing ones
from before annealing since no precipitation is expected during the first
5 s annealing. Annealing for 10s leads to a higher total number density
of dispersoids than C1-0 (compare Fig. 8b and d), but recrystallization
(as pointed out by black arrow) has actually started here since the
majority of dispersoids, which are the pre-existing ones within sub-
grains (as pointed out by white arrows), exert a limited Zener pinning
on the migration of subgrain boundaries. Recrystallization started
within 5 s (see Fig. 8e) for the C1-3 samples through, most likely,
particle stimulated nucleation (PSN) [5,24]. It is recalled here that
among the three variants, the average constituent particle size of C1-3 is
the largest, and it is beyond the typical critical size (> 1 μm) to trigger
PSN in aluminium alloys [5]. Annealing for a longer time of 10s leads to
a substantial recrystallization fraction, and only limited number of pre-
existing and concurrent precipitates are observed (Fig. 8f).
4.2. Grain structure
By varying the homogenization procedures and prior cold de-
formation strains, distinctly different grain structures were formed after
annealing at different conditions. The deformation structures of the C1-
Fig. 5. SEM-EBSD orientation imaging micrographs for C1-0, annealed for 105 s.
a) ε = 0.7, 300 °C; b) ε = 0.7, 400 °C; c) ε = 0.7, 500 °C (dAv = 44 μm); d) ε = 1.6, 300 °C; e) ε = 1.6, 400 °C (dAv = 116 μm); f) ε = 1.6, 500 °C (dAv = 28 μm); g)
ε = 3.0, T = 300 °C; h) ε = 3.0, T = 400 °C (dAv = 56 μm) [3]; i) ε = 3.0, T = 500 °C (dAv = 21 μm) [3].
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0 samples are found to be quite stable up to 300 °C (see Fig. 5) since no
onset of recrystallization is reached yet. Components fabricated under
the same conditions can thus be used in conditions where both high
strength and thermal stability are required. In fact, a similar situation is
found for the C1-2 samples annealed at 300 °C except that a coarse and
strongly elongated microstructure is expected for the samples deformed
to ε = 3.0 if longer annealing times are imposed (see Fig. 6). A coarse
grain structure is generally preferred for fabricating heat exchangers for
the automobile industry due to their superior corrosion resistance, good
brazeability and high sagging resistance [4]. It should also be noted that
annealing the C1-0 samples at 400 °C leads to coarse grain structures,
regardless of the prior deformation strains. For more details on the
gradual evolution of microstructures, the reader is referred to Ref [25].
Except perhaps for the lowest strain, nearly equiaxed fine grain struc-
tures (below 40 μm) with different average grain sizes are observed for
the C1-3 samples at all conditions, as illustrated in Fig. 7. Fine grain
structures can also be obtained for the C1-0 and C1-2 samples annealed
at 500 °C even though both of which still have potential to precipitate
fine dispersoids (see Table 1) and thus are subjected to sluggish re-
crystallization. However, at this high temperature, recrystallization
completes before substantial precipitation takes place. On the other
hand, the precipitated dispersoids after recrystallization exert a Zener
pinning on the formed grain boundaries and will effectively limit fur-
ther coarsening of the recrystallized grains. A fine grain size is preferred
for products that require good formability and surface quality, e.g.,
beverage can bodies.
The reason behind the formation of coarse elongated grain struc-
tures requires further explanation. It can be seen from Fig. 6g that the
microstructure of the C1-2 sample deformed to ε = 3.0 and annealed at
300 °C for 105 s exhibits few very elongated recrystallized grains. The
sample has not been fully recrystallized, but it provides the best op-
portunity to investigate why an elongated grain structure is formed. As
shown in Fig. 9a, the deformation structure is kept for the majority of
the sample, and the constituent particles are aligned along the RD di-
rection. The reason why the extent of recrystallization is still limited
even after such a long annealing time can be understood from the en-
larged SEM micrograph shown in Fig. 9b, where it can be seen that most
of the subgrain boundaries are pinned by the fine precipitates. Only a
few subgrains are able to develop into viable recrystallization nuclei
(see Fig. 9c), and these nuclei will be able to grow to large recrystallized
grains, since their probability to impinge with other already re-
crystallized grains are low. This explains why coarse grains can be
formed. On the other hand, the elongated recrystallized grains shown in
Fig. 9c show limited growth in the ND direction, it seems their growth
are stopped by the aligned constituent particles, as pointed out by the
black arrows. Assuming spherical and randomly distributed second
phase particles, the classical expression for Zener pinning pressure (PZ)
is given by the following expression [26,27]:
Fig. 6. SEM-EBSD Orientation imaging micrographs for C1-2, annealed for 105 s.
a) ε = 0.7, 300 °C; b) ε = 0.7, 400 °C; c) ε = 0.7, 500 °C (dAv = 65 μm); d) ε = 1.6, 300 °C; e) ε = 1.6, 400 °C (dAv = 43 μm); f) ε = 1.6, 500 °C (dAv = 33 μm); g)
ε = 3.0, T = 300 °C; h) ε = 3.0, T = 400 °C (dAv = 24 μm) [3]; i) ε = 3.0, T = 500 °C (dAv = 23 μm) [3].
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r
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2Z (1)
where PZ is dependent on the subgrain boundary energy (γ), volume
fraction (f) and average size (r) of the particles. Although the con-
stituent particles also provide a pinning effect, their size (~0.88 μm) is
much larger than that of the fine precipitates (~50 nm), and according
to Eq. (1) their contribution to the pinning pressure is thus expected to
be small. However, given the fact that they are concentrated in layers
(aligned with RD) and probably mainly on the original grain bound-
aries, which after cold rolling are aligned along RD, their pinning effect
might be significantly stronger than Eq. (1) indicates [27], which is
based on the assumption of a random spatial distribution of particles. It
should be noted that this is not expected to be the main/sole reason for
the limited growth in the ND-direction. In fact, an equiaxed grain
structure was obtained for the C1-3 variant subjected to the same heat
treatment condition (see Fig. 7g) and which is expected to have the
same constituent particle structure as C1-2. However, in contrast to the
C1-3 variant, C1-2 also experiences some concurrent precipitation,
which will also primarily take place on high angle grain boundaries
[4,14] and contribute to a more effective pinning pressure in the ND
direction than for lateral growth. But this is not ‘black or white’, even
for the C1-2 sample, the grain pointed out by white arrow in Fig. 9d is
also able to break away from the constituent particles.
Another possible reason that these grains do not grow equally well
in the ND direction can be related to “orientation pinning” [28]. After
cold rolling, the original grains of different orientations are elongated
along RD, the recrystallized grains will preferentially grow at the ex-
pense of certain deformed grains if special grain boundaries can be
formed between them [29–34]. It has been reported that some special
grain boundaries with relatively low boundary energy enjoy both
higher migration rate and less precipitates [4,11,14]. Preferential
growth along ND will be terminated (or strongly retarded) if their
moving boundaries meet non-favourable orientations which are typi-
cally elongated along RD. That is probably why the grain boundary
pointed out by white arrow in Fig. 9d is in general aligned along RD,
even though local protrusions and retrusions still appear.
4.3. Crystallographic texture
Appropriate crystallographic texture is important for aluminium
alloys, especially for their sheet products that need to be further de-
formed during different forming operations. Crystallographic textures
inevitably develop during thermo-mechanical processing, where char-
acteristic deformation textures result from the deformation process (e.g.
rolling or extrusion), and recrystallization textures are obtained upon
Fig. 7. SEM-EBSD orientation imaging micrographs for C1-3, annealed for 105 s.
a) ε = 0.7, 300 °C; b) ε = 0.7, 400 °C (dAv = 38 μm); c) ε = 0.7, 500 °C (dAv = 38 μm); d) ε = 1.6, 300 °C (dAv = 26 μm); e) ε = 1.6, 400 °C (dAv = 24 μm); f)
ε = 1.6, 500 °C (dAv = 26 μm); g) ε = 3.0, T = 300 °C (dAv = 20 μm) [3]; h) ε = 3.0, T = 400 °C (dAv = 16 μm) [3]; i) ε = 3.0, T = 500 °C (dAv = 22 μm).
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annealing and recrystallization, both of which bring important con-
sequences for the properties. A notable example is the phenomenon of
earing, which is a troublesome feature related to crystallographic tex-
ture and is often observed during the deep drawing of rolled aluminium
sheets. Investigations on the formation mechanisms of different texture
components, cube texture in particular, is intimately connected to and
have significantly advanced our current knowledge on the re-
crystallization theory. Due to its industrial and academic relevance,
significant efforts have been invested in quantitative texture and ani-
sotropy engineering through inverse texture simulation methods [35].
The ultimate goal is being able to quantitatively tailor the textures to
match the desired final anisotropy. The space limit of the paper, how-
ever, does not allow us to discuss in detail all the textures corre-
sponding to the microstructures obtained at different conditions as
presented in Figs. 5–7, even though these data can be easily accessed
with the EBSD data. The feasibility to tailor the crystallographic tex-
ture, using the same starting materials, through the combination of
varying homogenization procedure and prior cold deformation is thus
only briefly discussed here.
In many applications, it is desirable for the final products to have
isotropic materials with evenly distributed grain orientations in order to
have isotropic properties during their operation service. The texture of
the C1-0 sample deformed to ε = 0.7 and annealed at 500 °C for 105 s,
with the corresponding equiaxed grain structure shown in Fig. 5c, has a
texture intensity of only 2.8, this sample can be thus be considered as
close to isotropic, in view of the fact that a complete random texture is
rarely observed in structural materials. It should be noted that the de-
formation texture after the moderate deformation of ε = 0.7 is quite
weak, a large number of different orientations are thus equally probable
for nucleation at the high temperature of 500 °C. The growth of these
nuclei suffers little from second phase particles, it is thus not surprising
that a close to random texture is also obtained after recrystallization.
However, random starting textures do not necessarily remain weak
when a material is subsequently subjected to significant plastic de-
formation. For instance, cold rolling of aluminium alloys is known to
produce deformation textures, which is primarily composed of the S
orientation, {1 2 3}⟨634⟩, the Brass orientation, {1 1 0}⟨112⟩, and the
Copper orientation {1 1 2}⟨111⟩ [5]. These texture components pro-
mote earing essentially at 45°/135° with respect to the rolling direction
during subsequent deep drawing process [5]. It is thus desirable to have
non-random starting textures to compensate the earing formed due to
the starting deformation textures. In practice, cube orientation, {1 0 0}
Fig. 8. SEM BSE micrographs illustrating the interaction between precipitates and recrystallization with samples deformed to ε = 1.6 and isothermally annealed at
400 °C. a) C1–0, 5 s; b) C1–0, 10 s; c) C1–2, 5 s; d) C1–2, 10 s; e) C1–3, 5 s; f) C1–3, 10 s.
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〈001〉 is often used since it promotes pronounced earing at the 0/90°
directions during deep drawing. In our case, for the C1-3 sample de-
formed to ε= 3.0 and annealed at 500 °C for 105 s, a sharp cube texture
is indeed obtained with intensity of 17.2, as illustrated in Fig. 10b. The
corresponding fine grain structure is shown in Fig. 7i where it can be
seen that the sizes of grains of different orientations are similar, ex-
cluding the possibility of any significant oriented growth of cube grains.
Cube-oriented grains may stem from Cube-bands in the deformed
structures, which are either Cube-oriented grains present already in the
undeformed matrix but retained their orientation, or transition bands
formed by splitting of unstable orientations during deformation [36].
Considering that the main deformation texture components of this alloy
after cold rolling are S, Brass and Copper [18], the latter mechanism is
more likely. In fact, a strong cube texture was not obtained by the C1-0
sample deformed to ε = 0.7 and annealed at 500 °C for 105 s (see
Fig. 10a) possibly because transition bands with cube orientation have
not yet been formed at this small deformation.
It can be envisaged that, for applications other than deep drawing,
distinctly different texture components might be needed. The texture of
the C1-0 sample deformed to ε = 3.0 and annealed at 400 °C for 105 s
(see Fig. 10c) is primarily composed of P orientation {0 1 1}⟨566⟩ and
ND-rotated cube orientation {0 0 1}⟨566⟩, see the corresponding mi-
crostructure in Fig. 5h. It is reminded here again that C1-0 variant has
the strongest precipitation potential. These two texture components are
documented to form during recrystallization with strong concurrent
precipitation, as detailed in Refs [4,12,17,37–40]. The factors affecting
the strength of the P texture component during annealing of the same
alloy has been investigated in an earlier study [41], paving the way to
tailor it using different deformation and annealing conditions.
Even though not presented here, other texture components with
different intensities can also be obtained when prior cold deformation,
homogenization procedures and annealing conditions are varied. It is
recalled here that tailoring crystallographic textures through this route
is easy to be adopted in industrial practice, since the prior cold de-
formation and homogenization procedures can be easily changed using
existing rolling machines and heat treatment furnaces, respectively.
5. Conclusions
In this study, a detailed investigation on the microstructural evo-
lution of an Al-Mn alloy during isothermal annealing has been carried
out. Starting from the same material, distinctly different recrystalliza-
tion and precipitation kinetics, grain structures and crystallographic
textures have been observed when the homogenization procedure and
the prior cold rolling deformation are changed. The following conclu-
sions can be drawn:
1) Large deformation promotes recrystallization and precipitation due
to their high stored energy and more potential nucleation sites, re-
spectively. Recrystallization is retarded by precipitation through the
suppression of nucleation and pinning of grain boundary migration,
on the other hand, recrystallization also delays precipitation by
sweeping the deformation structure behind the moving grain
boundaries and thus reducing the availability of potential hetero-
geneous nucleation sites.
2) Equiaxed grain structures were obtained when recrystallization is
not affected by fine second phase particles, either for samples with
insignificant pre-existing dispersoids and concurrent precipitation
or when concurrent precipitation is avoided due to the fast re-
crystallization. Coarse elongated grain structure was ascribed to the
combined effects of elongated deformation structure, suppressed
nucleation and preferential growth of certain orientations.
3) Different crystallographic textures, including the near random tex-
ture, cube texture, P and ND-rotated cube textures, which are de-
sired for various applications of Al-Mn alloys were obtained simply
through the combined variation of homogenization processes and
prior cold deformation.
Fig. 9. SEM BSE micrographs showing the C1-2 sample deformed to ε = 3.0 and annealed at 300 °C for 105 s. a) global view; b) pinned subgrain boundaries; c)
elongated grains separate by constituent particles; d) elongated grain.
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